The dynamics of dissipative solitons (DSs) are explored in a high repetition rate normal-dispersion erbium-doped fiber laser for the first time. Despite of the high fundamental repetition rate of 129 MHz and thus the low pulse energy, a DS train with a dechirped pulse width of 418 fs, period-doubling of single and dual DSs, as well as 258 MHz 2nd-order harmonic mode-locking of DSs can be observed in the fiber laser with increasing pump power and appropriate settings. A transmitted semiconductor saturable absorber and a wavelength division multiplexer/isolator/tap hybrid module are employed to simplify the laser configuration, thus not only increasing the repetition rate, but also enhancing the stability and robustness of the fiber laser due to the commercial availability of all the components.
Introduction
Previous studies have demonstrated that optical solitons can be also generated in the normal-dispersion regime, the dynamics of which is governed by the complex Ginzburg-Landau equation (GLE) . Different from the formation mechanism of NLSE solitons in the anomalous-dispersion regime, spectral filter plays significant roles in the formation of GLE solitons, namely dissipative solitons (DSs) in normal-dispersion regime. As a consequence, these DSs are characterized by the steep spectral edges and Gaussian pulse shape with strong frequency chirp, which can be easily amplified and compressed for achieving ultrashort pulses with large energy. Thus it can be seen that high repetition rate DSs formed in the normal-dispersion regime are much more attractive than NLSE solitons formed in the anomalous-dispersion regime for their distinct advantages and promising applications. Indeed, deriving from the anomalous dispersion of single-mode fiber (SMF) at 1.55 μm, dispersion compensation fiber (DCF) or dispersion shift fiber (DSF) is usually utilized inside the cavity of the DS EDFLs to manage the net normal dispersion. Whereupon, generation of high repetition rate DSs is always excluded due to the extended cavity lengths. To address this problem, Zhang et al. has proposed an all-fiber passively mode-locked EDFL based on a tilted fiber grating (TFG) polarizer, and 250 MHz fundamental repetition rate is achieved due to the compact laser configuration. Nevertheless, the mode-locker of nonlinear wave interference based NPR technique is intrinsically environmental unstable and high pump power is needed to initialize the mode-locking, which are not appropriate for practical applications.
In this paper, we experimentally develop a high repetition rate passively mode-locked EDFL operated in the normal-dispersion regime. All the components are commercially available. A transmitted semiconductor saturable absorber (SESA) and a wavelength division multiplexer/isolator/tap hybrid module (WDM/Isolator/Tap hybrid module) play crucial roles in shortening the cavity length for achieving a high fundamental repetition rate. Benefiting from the large normal dispersion of the EDF and the compact laser configuration, the proposed passively mode-locked EDFL can be managed to operate in the normal-dispersion regime without adopting any other dispersion-compensated components.
Multiple-state DSs are experimentally demonstrated for the first time in this high repetition rate normal-dispersion EDFL.
Particularly, fundamental mode-locking, period-doubling, and 2nd-order harmonic mode-locking are respectively observed with increasing pump power and appropriate settings. Moreover, the laser design of high repetition rate EDFLs is also discussed, revealing that the proposed EDFL is characterized by ubiquity and the repetition rate could be potentially scaled up.
Experimental results and discussion
The experimental setup was depicted in Fig.1 .We gradually increase the pump power to a certain point with the pump power 170 mW, the pulse intensity of the DSs as shown in Fig. 2 becomes no longer identical, but alternates between two different values, and repeats every two round-trips, namely forming the so-called period-doubling. Our experimental results reveal that despite of the largely chirped pulses and a high repetition rate greater than 100 MHz, the period-doubling of DSs can be still observed in the normal-dispersion regime.
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MF3.6 3:00 PM -3:15 PM 978-1-5090-1906-9/16/$31.00 ©2016 IEEE Furthermore, we continue increasing the pump power from the period-doubling state of DSs. As expected, the multiple-soliton state is obtained accompanying with a decreased pulse peak power. When the pump power is set at 181 mw with proper PC setting, these DSs rearrange themselves in a regular position, namely achieving the 2nd-order harmonic mode-locking of the EDFL in the normal-dispersion regime. To our best knowledge, period-doubling of high repetition rate dual DSs is observed for the first time. We report on the first experimental observation of multiple-state DSs in a high repetition rate normal-dispersion EDFL.
The laser configuration is properly simplified for achieving a high fundamental repetition rate through using a transmitted SESA and a WDM/Isolator/Tap hybrid module. In particular, 129 MHz fundamental mode-locking of DSs with a dechirped pulse width of 418 fs, period-doubling of single and dual DSs, as well as 258 MHz 2nd-order harmonic mode-locking of DSs are respectively observed in this EDFL. The observations greatly enrich our understanding towards the dynamics of DSs in a high repetition rate fiber laser. The repetition rate of the EDFL could be potentially scaled up by further shortening the cavity length, and the stability could be optimized by adopting an all-polarization designed laser cavity.
